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Using light to control cell and animal behavior has opened upmany avenues of research in neuroscience and
cell biology, but applications in developmental biology have been limited thus far. Guglielmi et al. (2015) now
apply optogenetic tools to control cortical contractility and tissue morphogenesis in Drosophila embryos.Modern optogenetics began with light-
controlled action potentials in the
neuronal system. The proof-of-concept
experiment involved a three-component
system inspired by the retinal cycle, which
includes rhodopsin photoreceptors, het-
erotrimeric G protein a, and arrestin-2.
When these proteins are co-expressed
in neurons that would otherwise have no
intrinsic photosensitivity, the neurons
begin firing action potentials at the fre-
quency of administered light pulses, likely
due to the activation of a biochemical
cascade involving phospholipase C and
other second messengers. The optoge-
netic activation of neurons was then
simplified by the introduction of Channelr-
hodopsins (isolated from the green
algae Chlamydomonas reinhardtii), which
combine ion channel activity with photo-
sensitivity, bypassing the need for any up-
stream biochemical reactions. Although
Channelrhodopsin-based tools have
transformed neuroscience over the past
decade (Adamantidis et al., 2015), their
applications are limited to the nervous
system and other electrically excitable
cells such as muscle and heart, and there
is now growing interest in finding ways to
employ optogenetic strategies to control
biochemical activities in more general
cellular contexts. To this end, a number
of light-sensitive chemical modules have
been adopted and optimized for general
use (Tischer andWeiner, 2014). One group
includes proteins that undergo photo-
sensitive conformational changes—for
example, the light, oxygen, voltage-
sensing (LOV) domain. A second group
contains protein pairs undergoing light-
inducible dimerization reactions, such as
cryptochromes 2 (CRY2) and CIB1, phy-
tochromes and phytochrome interaction
factor. When genetically fused with pro-
teins of interest, these light-sensitivemodules allow acute optical control of
enzymatic activity, protein-protein inter-
action, protein localization, and signaling.
Until now, the applications of these
biochemistry-based optogenetics tech-
niques have been limited to subcellular
dynamics and single-cell behavior in
cultured cells.
In this issue of Developmental Cell, Gu-
glielmi et al. (2015) now use light to control
cortical contractility in the developing
Drosophila embryo, providing a first
demonstration of the in vivo applicability
of optogenetic tools in tissue morphogen-
esis. During Drosophila embryonic devel-
opment, a group of epithelial cells start to
constrict apically. The changes in local
cell shape drive an invagination process,
leading to the formation of a ventral furrow
(an inward tissue folding). To study this
process, Guglielmi et al. sought to manip-
ulate cell contractility optogenetically. To
do so, they employed the CRY2-CIB1
dimerization reaction to recruit the
5-phosphatase domain of the inositol
phosphatase OCRL (fused with CRY2) to
the plasma membrane (where the CIB1
bait was) (Figure 1) (Idevall-Hagren et al.,
2012; Kennedy et al., 2010). The idea
was that changes in the levels of plasma
membrane phosphatidylinositol 4,5-bi-
sphosphate (PI(4,5)P2) would affect
cortical actin polymerization and hence
contractility. Indeed, global illumination
of the embryo prior to cell constriction
induced degradation of PI(4,5)P2 and pre-
vented cells from contracting, consistent
with the essential role of PI(4,5)P2 in local-
izing actin nucleation promoting factors.
Strikingly, this treatment arrested invagi-
nation of the embryo, whereas later light
pulses, after cell constriction started,
reversed it. Importantly, the illumination
protocol for achieving light-dependent in-
hibition of contractility caused minimalDevelopmental Cell 35,photo-toxicity and did not interfere with
normal development. Collectively, these
results convincingly demonstrate that
PI(4,5)P2-dependent actin turnover or de
novo assembly is essential for tissue
contractility and that optogenetically
manipulating PI(4,5)P2 is an effective
strategy to control apical constriction in
the developing embryo.
The authors next systematically show-
case the precision of the optical control
in terms of its spatial resolution and ampli-
tude sensitivity. One of the technical chal-
lenges for in vivo optogenetics is the scat-
tering of the light as it penetrates the
tissue, which compromises spatial reso-
lution. In order to precisely control the
location of light induction, the authors em-
ployed a two-photon illumination scheme
and readily achieved subcellular accu-
racy. This allowed them to turn off PI(4,5)
P2 and contractility in essentially any cells
of choice. As such, they convincingly
demonstrate that inactivating contractility
of a subset of cells could cause a global
arrest of the invagination across thewhole
embryo, depending on the number of illu-
minated cells (>25–50 cells) and their
locations (Figure 1).
Interestingly, even when the same
number of cells (75 cells) is inactivated,
the resulting tissue dynamics depend
on the level of light input (Figure 1). Em-
bryos develop normally with a low
laser dose (0.7 mW); with a high dose
(3 mW), cells in the illuminated region
lose their contractility while cells in the
non-illuminated region become hyper-
constricted. Intriguingly, with an interme-
diate laser dose (1.5 mW), cells in the
illuminated region lose their contractility,
but the constriction of cells in the non-illu-
minated region becomes reversible and
these cells eventually lose contractility
as well.December 7, 2015 ª2015 Elsevier Inc. 533
Figure 1. An Optogenetic Approach for Modulating Tissue Contractility
Guglielmi et al. used optogenetics to deplete PI(4,5)P2 in Drosophila embryos, leading to local inhibition
of cortical contractility and global effects on tissue dynamics. Top: Embryo before and after targeted
illumination with light of different intensities. Inset: Schematic showing optically controlled recruitment of
the 5-phosphatase domain of the inositol phosphatase OCRL. Bottom: Optical control allows maximal
spatial flexibility over the number and pattern of targeted cells.
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bility that this is due to ‘‘leakiness’’ of the
system. An attractive interpretation is
that cortical contractility is not simply a
cell-autonomous property, but rather an
active process involving cell-cell interac-
tions and feedback regulation (Solon
et al., 2009). Contractile cells would
actively probe their neighbors, whose re-
sponses and subsequent effects on
force-generating cells would vary de-
pending on the extent of light-induced
recruitment of 5-phosphatase. This is
reminiscent of the substrate rigidity
sensing mechanism underlying durotaxis,
in which cells exert contractile forces on
the substrate and interpret the substrate
deformation to determine the direction of
their movements (Lo et al., 2000).
What remains an open question is the
precise nature of the active sensing
mechanism used by the contracting cells.
Tissue mechanics and membrane defor-
mation are plausible contributing factors,
but biochemical changes could also be
involved. Regardless of the mechanism,
the bifurcating behavior in the non-illumi-534 Developmental Cell 35, December 7, 201nated cells allows an elegant uncoupling
of cell-intrinsic factors and feedback be-
tween cells, and it could be used to iden-
tify factors uniquely essential for the fast
adaptation of cellular contractility. In addi-
tion, the sensitivity to input light amplitude
further argues that optical control could
offer more than just an on/off switch. By
taking advantage of the more quantitative
aspect of such perturbations, one could
systematically tackle questions on tissue
plasticity that are difficult to resolve with
conventional approaches.
Besides amplitude control, frequency
modulation also represents a promising
direction for optogenetics. The use of pe-
riodic light stimuli for pacing neurons or
heart is among one of the most powerful
applications of optogenetics for probing
network connectivity and controlling tis-
sue behavior (Nussinovitch and Gepstein,
2015). Propagation of the oscillations
could be important for spatial coordina-
tion of the tissue, which in the case of car-
diac tissue can also be controlled opti-
cally (Burton et al., 2015). Intriguingly,
many morphogenetic processes are not5 ª2015 Elsevier Inc.continuous, but pulse-like (Munjal et al.,
2015). However, modulating the fre-
quency of such pulsing activities may
require a strategy different from the Chan-
nelrhodopsin-based approaches, given
the slow off-rates of the biochemical reac-
tions. It may be possible to achieve
frequency tuning via steady-state pertur-
bation of the rate-limiting step of the oscil-
latory reactions. Finally, light-controlled
GTPase or lipid kinases could in principle
allow light activation instead of light
inhibition of contractility in vivo. Such de-
velopments could allow better definition
of the force-generating cells required for
morphogenesis and greatly improve the
versatility of optogenetic manipulations.
In summary, harnessing light to control
single-cell behavior represents a signifi-
cant step forward in probing tissue dy-
namics in vivo. As exemplified by Gu-
glielmi et al. (2015), this direct and
targeted intervention offers great potential
to contribute to amore quantitative under-
standing of developmental processes.
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